oltage-and Ca 2ϩ -activated K ϩ channels (BK Ca ) are membrane proteins that play a fundamental role in controlling smooth muscle tone and neuronal excitability. In most of the tissues, they form a complex consisting of a pore-forming ␣ subunit and regulatory ␤ subunits. The ␣ subunit encodes for the selective pore as well as for the voltage and Ca 2ϩ -sensing structures. The BK Ca channel is a tetramer with each ␣ subunit organized in seven transmembrane domains (S0-S6) (1), a long intracellular C-terminal domain where a high-affinity Ca 2ϩ -binding site has been identified (2, 3), and an extracellular N terminus. The human isoform (hSlo), similarly to other voltagedependent ion channels, possesses a voltage sensor that is mainly represented by the S4 transmembrane domain, containing three positively charged residues (4, 5). Changes in membrane potential displace the voltage sensor and, for adequate depolarizations, the consequent conformational change sets the channel in a conducting state. The movement of the voltage sensor produces a transient current (gating current) that precedes in time and voltage the ionic current activation (6, 7). Thus, gating currents report on the rearrangement of the channel structure in a varying membrane potential but do not provide direct information regarding the motion of regions of the channel outside the voltage field. Structural changes occurring during gating have been elegantly resolved by using site-directed fluorescent labeling, a technique pioneered in the E. Isacoff laboratory (8) and applied to a variety of voltage-gated K ϩ and Na ϩ channels (9-24), ligand-gated channels (25, 26) , and transporters (27-31). However, nothing is known regarding the dynamical changes of BK Ca channel during gating. Using site-directed fluorescence labeling combined with the cut-open oocyte voltage clamp technique (COVG), we have resolved the conformational changes occurring in hSlo voltage-sensing region, unraveling extremely slow conformational changes not expected from gating current measurements. We have used thiol-reactive fluorescent probes [tetramethyl rhodamine-5-maleimide (TMRM) or 1-(2-maleimidylethyl)-4-(5-(4-methoxyphenyl) oxazol-2-yl)pyridinium methansulfonate (PyMPO)] to assess the dynamics of the S4 region conformational changes in BK Ca channels.
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oltage-and Ca 2ϩ -activated K ϩ channels (BK Ca ) are membrane proteins that play a fundamental role in controlling smooth muscle tone and neuronal excitability. In most of the tissues, they form a complex consisting of a pore-forming ␣ subunit and regulatory ␤ subunits. The ␣ subunit encodes for the selective pore as well as for the voltage and Ca 2ϩ -sensing structures. The BK Ca channel is a tetramer with each ␣ subunit organized in seven transmembrane domains (S0-S6) (1), a long intracellular C-terminal domain where a high-affinity Ca 2ϩ -binding site has been identified (2, 3) , and an extracellular N terminus. The human isoform (hSlo), similarly to other voltagedependent ion channels, possesses a voltage sensor that is mainly represented by the S4 transmembrane domain, containing three positively charged residues (4, 5) . Changes in membrane potential displace the voltage sensor and, for adequate depolarizations, the consequent conformational change sets the channel in a conducting state. The movement of the voltage sensor produces a transient current (gating current) that precedes in time and voltage the ionic current activation (6, 7) . Thus, gating currents report on the rearrangement of the channel structure in a varying membrane potential but do not provide direct information regarding the motion of regions of the channel outside the voltage field. Structural changes occurring during gating have been elegantly resolved by using site-directed fluorescent labeling, a technique pioneered in the E. Isacoff laboratory (8) and applied to a variety of voltage-gated K ϩ and Na ϩ channels (9-24), ligand-gated channels (25, 26) , and transporters (27) (28) (29) (30) (31) . However, nothing is known regarding the dynamical changes of BK Ca channel during gating. Using site-directed fluorescence labeling combined with the cut-open oocyte voltage clamp technique (COVG), we have resolved the conformational changes occurring in hSlo voltage-sensing region, unraveling extremely slow conformational changes not expected from gating current measurements. We have used thiol-reactive fluorescent probes [tetramethyl rhodamine-5-maleimide (TMRM) or 1-(2-maleimidylethyl)-4-(5-(4-methoxyphenyl) oxazol-2-yl)pyridinium methansulfonate (PyMPO)] to assess the dynamics of the S4 region conformational changes in BK Ca channels.
Results
BK Ca channels possess a functional voltage sensor as demonstrated by direct measurement of ionic and gating currents in the absence of internal Ca 2ϩ (6, 7, 32, 33) . In addition, Diaz et al. (4) have shown that mutations in the S4 segment alter the voltage dependence of hSlo channel activation. If the S4 transmembrane segment of BK Ca channels is part of the voltage-sensing machinery, conformational changes of the S4 region should share some of the features of channel-gating currents. In this study, we have investigated conformational changes of the region between the S3 and S4 transmembrane segments in the hSlo channel. The region of interest and the residues fluorescently labeled in this study are illustrated in a schematic drawing in Fig. 1A . In hSlo, the S3-S4 linker is almost absent, and a sequence alignment of this region shows no homology with K V AP, Shaker, and K V 1.2. All of the positions were studied by using two fluorophores sensitive to the environment, TMRM and PyMPO (ref. 34 ; Fig. 1B ).
Absence of Voltage-Dependent Fluorescence Changes (⌬F͞F) in the C-Less Channels. We initially investigated whether our background clone (hSlo C-less R207Q) gives rise to change in voltagedependent fluorescence upon depolarization. We used the R207Q mutant to facilitate channel opening (4) . Oocytes injected with cRNA encoding for the C-less clone yielded a high expression level of the channel. Attesting for the appropriateness of the C-less clone, no significant changes in the fluorescence baseline were detected, with either TMRM or PyMPO labeling (see Fig. 7 , which is published as supporting information on the PNAS web site). The maximum ⌬F͞F (for a potential step from -160 mV to 100 mV) was 0.0052 Ϯ 0.0011% (TMRM, n ϭ 6) or 0.0107 Ϯ 0.0013% (PyMPO, n ϭ 3). Fig. 2A . TMRM labeling of the cysteine inserted at this position (probably located at the C terminus of S3) elicited, upon depolarization, an extremely small (but resolvable) voltage-dependent change of the fluorescence emission (Fig. 2B ). The onset of the fluorescence was properly fit with a single exponential function, whereas the ionic current activation required a double exponential approximation (Fig. 2C) . The time course of the conformational changes reported by TMRM labeling position 199 closely follows the fast component of the ionic current activation that accounts for Ϸ65% of the total current ( Fig. 2C ; see Table 1 , which is published as supporting information on the PNAS web site). As shown in Fig. 2D The adjacent position (N200) is located probably at the outmost end of S3. We were able to label a cysteine placed at this position only with TMRM. Positions 200 and 199 were the most resistant to fluorophores labeling, probably because they are still part of S3. The labeling with TMRM elicited a strong ⌬F, suggesting that this position is experiencing a clear change in the surrounding environment. A striking feature of the fluorescence signal arising from N200C was its very slow time course during depolarization. At all potentials tested, fluorescence lagged ionic current activation (Fig. 2 E-G) reporting conformational changes Ϸ10 to 20 times slower than the preceding position (199) (see Table 1 ). The time course of fluorescence activation reported by this mutant seems to follow the slow component of ionic current activation, as shown in the vs. membrane potential plots (Fig. 2G ). Despite these clear kinetics differences between fluorescence arising from L199C and N200C (probably due to different local interactions of the fluorophore with the environment), their steady-state properties were similar (FV half ϭ Ϫ77.69 Ϯ 4.96 mV and GV half ϭ Ϫ19.72 Ϯ 10.11, n ϭ 5) giving a separation of F(V) and G(V) of Ϸ60 mV (Fig. 2H) . The lack of fluorescence signal when using PyMPO at position 200 (data not shown) reveals the importance of the fluorophore structural properties in this type of study.
Conformational Changes Reported by

Properties of Charge Movement and Fluorescence Changes at Position
R201C.
We have labeled the cysteine in position 201 with both TMRM and PyMPO fluorophores and recorded the ionic currents ( Fig. 3 A and B) and the corresponding simultaneous fluorescence traces (Fig. 3 C and D) from the R201C clone. The kinetics of the fluorescence during depolarization appeared to be almost identical with both TMRM (Fig. 3E) and PyMPO ( Fig.  3F ) (see Table 1 ). The fluorescence from R201C labeled with TMRM (but not PyMPO) displays a slow relaxation that becomes more pronounced with large depolarizations.
Although the voltage dependence of G(V) curves for channels labeled at position 201 with TMRM ( Fig. 3G) or PyMPO ( Fig.  3H ) was not significantly different (GV half ϭ 3.41 Ϯ 5.04 mV, n ϭ 6 with TMRM and GV half ϭ 9.34 Ϯ 2.98 mV, n ϭ 6 with PyMPO), the F(V) curve reported by TMRM was Ϸ30 mV more negative than the F(V) curve reported by PyMPO (FV half ϭ Ϫ60.77 Ϯ 6.08 mV, n ϭ 6 with TMRM and FV half ϭ Ϫ24.65 Ϯ 4.32 mV, n ϭ 6 with PyMPO). This discrepancy led us to investigate the voltage dependence of the gating currents in the R201C clone. The gating currents were recorded after complete K ϩ depletion of oocytes expressing R201C clone (see Materials and Methods) labeled with either TMRM (Fig. 4A) or PyMPO (Fig. 4B) . The voltage dependence of the time integral of the On-gating current [Q(V)] shares a close voltage dependence with the one of TMRM fluorescence signal (Fig. 4C) , suggesting that the fluorophore bound at this position is faithfully reporting conformational changes closely related to the charge displacement of the BK Ca voltage-sensing region. On the other hand, the Q(V) curve constructed from gating currents arising from channels labeled with PyMPO (Fig. 4D ) was leftward shifted on the voltage axis compared with the F(V), suggesting that the two fluorophores might sense different rearrangements of the channels. Note that the fitting parameters of the two Q(V) curves (TMRM, V half ϭ Ϫ65.60 mV, z ϭ 0.81; PyMPO, V half ϭ Ϫ65.56 mV, z ϭ 0.87) are very similar, proving that PyMPO does not affect gating. (Fig. 5B) . Fluorescent signal had fast on and off kinetics that does not seem to have a correlation with ionic current activation (see Table 1 and Fig.  5C ). The time constant of fluorescence kinetics as a function of membrane potential lies in between the two components of ionic current. For example, at 80 mV, fluorescence rises with ϭ 1.42 Ϯ 0.17 ms, whereas for the same potential, the ionic current time constants were fast ϭ 0.33 Ϯ 0.01 ms and slow ϭ 6.46 Ϯ 1.66 ms (n ϭ 3). On the other hand, PyMPO revealed extremely slow conformational changes taking place within the S4 region (see Table 1 Fig. 5F ). The return (off fluorescence) to the baseline potential during repolarization to Ϫ160 mV followed a relatively faster time constant ( ϭ 43.37 Ϯ 12.12 ms, n ϭ 3; Fig. 5F ). The fluorescence kinetics observed by PyMPO-labeling residue 202 had a voltage dependence opposite to the one of ionic current activation (Fig. 5G) . Although both components of the ionic current became faster with larger depolarization, fluorescence time constants increased with the membrane potential. Thus, for potentials Ͼ20 mV, the fluorescence significantly displayed kinetics slower than the slow component of the ionic current. For example, at 100 mV, the time constant of the fluorescence and of the slow component of current activation were ϭ 267.49 Ϯ 12.03 ms and ϭ 37.58 Ϯ 11.53 ms (n ϭ 5), respectively. These results reveal an unexpected slow rearrangement of the BK Ca channel during normal gating. Although the open probability has stabilized after a few milliseconds of the depolarizing step, the fluorescence signal keeps rising. Because it is established that BK Ca channels possess multiple open states (7, 35) , we speculate that this slow rearrangement represents slow transitions among open states. Despite the slow onset, the change in fluorescence intensity increased with depolarizations displaying a voltage dependence that shares the same features of the F(V) curves constructed for other positions: F(V) precedes on the voltage axis the ionic current activation (Fig. 5H) . These slow fluorescence signals seem to report true conformational changes of the protein, because they do not depend on the ionic flux. Replacing the external solution with 120 mM tetraethylammonium (TEA) completely blocked the ionic flux, leaving the fluorescence signal practically unchanged (see Fig. 8 , which is published as supporting information on the PNAS web site).
Tryptophan 203 in the Upper S4 Reports the Slow Conformational
Changes by Quenching PyMPO Fluorescence. Aromatic residues are excellent fluorescence quenchers. We tested the hypothesis that the slow conformational changes observed with PyMPO labeling position 202 were reported by a mutual interaction between the fluorophore and the adjacent tryptophan (W203). When W203 was mutated into a valine (W203V), despite the fact that current properties and expression levels were normal (Fig. 6A) , the labeling of S202C with PyMPO did not give rise to voltagedependent ⌬F (Fig. 6B) . The absence of PyMPO ⌬F in S202C W203V is not a consequence of lack of labeling (Fig. 6B) . In fact, S202C W203V clone still could be labeled with TMRM and ionic currents and fluorescence changes could be efficiently recorded during depolarization (Fig. 6 C and D) . In addition, this view has been confirmed by previous incubation with PyMPO that prevented TMRM labeling. The fluorescence signals acquired with both the TMRM and PyMPO filter set did not display any voltage dependence (see Fig. 9 , which is published as supporting information on the PNAS web site). In this condition, the lack of TMRM fluorescence (⌬F͞F ϭ 0.004 Ϯ 0.003%, n ϭ 7) indicates that the cysteines in position 202 are already labeled with PyMPO (Fig. 9E) . Therefore, the accessibility to the cysteine, and steady-state voltage dependence and kinetics of both ionic currents and fluorescence signals, were not compromised by the W203V mutation (Fig. 6 E and F) .
The specificity of the quenching effect of W203 on PyMPO labeling 202 is supported by the fact that W203V substitution did not affect ionic current and fluorescence signal in the R201C W203V clone after labeling with either PyMPO or TMRM (data not shown).
Discussion
The data presented here revealed the motion of the region between S3 and S4 transmembrane segments comprising a stretch of amino acids facing the extracellular side of the plasma membrane. Each position reports distinctive kinetics information and for some residues the fluorescence signal lags the ionic current. Nevertheless, for all of the positions tested, the F(V) curve preceded the G(V) curve. This result is not surprising if one considers that, as in the other voltage-dependent K ϩ channels, the movement of the S4 segment is a necessary condition for the voltage-dependent opening of the channel.
Although L199C seems to track the fast component of ionic current activation, the labeling of the adjacent residue, N200C, reported a completely different pattern of fluorescence kinetics. In this case, the rising and falling of fluorescence at the beginning and at the end of the depolarizing step followed a time course similar to the slow component of the ionic current activation. Interestingly, voltage-dependent fluorescence changes were observed only by labeling this position with TMRM. Although it is reasonable that the slimmer molecular structure of PyMPO (see Fig. 1B ) can allow the labeling of less accessible sites in the channel, it seems that, at this position (N200C), only the bulkier TMRM can interact with the surrounding environment, a necessary condition to detect conformational changes by a varying quenching interaction.
The fluorescence changes we have described are most likely related to the movement of the charged S3-S4 region. In fact, the charge movement recorded for the R201C mutant shares a very similar voltage dependence of the fluorescence signal reported by TMRM labeling this position (Fig. 4C) On the other hand, residue 202 is probably at the interface between the lipid bilayer and the extracellular solution. In fact, PyMPO labeling this position reported the largest ⌬F͞F among the residues studied (⌬F͞F ϭ 3.46 Ϯ 0.63%, n ϭ 6), suggesting that the fluorophore is experiencing a considerable environmental change. These fluorescent signals display an extremely slow kinetics, which does not follow the time course of any of the ionic current components. Time constants of several hundreds of milliseconds are typical of slow inactivation processes. Although BK Ca channels do not inactivate, they still possess slow protein motions, slower than any other observable macroscopic process. The BK Ca channels changes in fluorescence intensity could report conformational changes occurring during transitions among open states. This result fits with the view that the channel possesses several interconnected open states with similar kinetic properties (7, 35) . During activation, the channel can make transitions between different open states maintaining a steady macroscopic current. An analogous situation was observed in Shaker K ϩ channel, in which a double mutation abolished C type inactivation without removing the molecular rearrangements that underlie transitions among multiple open states (36) . An emerging view is that BK Ca channels are much more than structures engineered for ion conduction. Instead, they are part of multimeric complexes participating in cell signaling (37) . An intriguing alternative explanation is that these very slow conformational changes (that have no correlation with kinetics observed in ionic currents) are not directly related to the ''conduction duties'' of the channel, rather to the exposure of parts of the protein involved in other functions, such as interaction with modulatory partners via binding sites that become unmasked by changes in membrane potentials.
An inherent limitation of this type of studies is the possibility that in some cases the fluorophores could report their own adaptation to a different conformation (e.g., a change in the dihedral angle between the aromatic rings), instead of protein rearrangements. Slow docking of the dye onto a part of the channel that was exposed previously during gating is another possibility. However, we still favor our main conclusion, because we also have observed rather slow conformational changes with the other fluorophore (TMRM) labeling a different position (C200, Ϸ30-40 ms) (Fig. 2) , strongly implying that BK Ca channels can undergo relatively slow rearrangements that do not depend on the nature of the fluorophore used and on the residue labeled.
We found that fluorescence signal arising from PyMPO labeling position 202 was abolished when the adjacent tryptophan (W203) was mutated into a valine. The ability of aromatic rings to quench fluorescence is well established (34) . Our interpretation of these results is that at hyperpolarized potentials, W203 exerts a strong quenching effect on PyMPO bound to C202. The mutual interaction between PyMPO in position 202 and W203 decreases at depolarized potentials, unquenching PyMPO fluorescence emission and revealing the slow kinetics of this process. If C202 is part of the hinge point between S3 and S4, a tilting or a rotation of the S4 helix during channel gating (similar to the one proposed for Shaker channels; refs. 9 and 19) can increase in the relative distance between PyMPO and W203, explaining the unquenching of the fluorescence. However, the time course of these movements is slower than the one expected for voltage sensor activation. The quenching interaction between W203 and PyMPO likely occurs only within the same subunit. In fact, taking as a reference the K V 1.2 structure (38), PyMPO labeling the N-terminal side of S4 does not seem able to interact with W203 in the neighboring subunits (see Fig. 10 , which is published as supporting information on the PNAS web site). The successful PyMPO labeling of this position has been confirmed by the observation that preincubation with PyMPO prevented TMRM labeling.
In summary, voltage clamp fluorometry has revealed voltagedependent conformational changes of the S3-S4 region of BK Ca channel revealing extremely slow rearrangements. The F(V) curves always preceded the channel activation curves, as expected for conformational changes associated with the movement of the voltage sensor.
Materials and Methods
Molecular Biology. We used the human (hSlo) BK Ca clone (GenBank accession no. U11058) starting from methionine 4 (hSloM4) (39) . The three native, extracellularly exposed cysteines have been mutated (C14S-C141S-C277S). Unique cysteines were introduced at positions 199, 200, 201, and 202, together with the R207Q mutation (4) to increase channel open probability. Site-directed mutagenesis by overlap extension with PCR (40) was adopted for all of the single-point mutations required by this study. All of the mutations were confirmed by sequence analysis (Laragen, Los Angeles, CA).
The clones were in vitro transcribed (T7 mMessage; Ambion, Austin, TX), and the cRNA was injected into Xenopus oocytes for electrophysiological studies.
Oocyte Preparation, cRNA Injection, and Fluorescent Labeling. Xenopus laevis (NASCO, Modesto, CA) oocytes (stages V-VI) were prepared as described in ref. 41 . Oocytes were injected with 50 nl of cRNA at 0.01-0.2 g͞l depending on the clone and batch of RNA. Injected oocytes were maintained at 18°C in an amphibian saline solution supplemented with 50 mg/ml gentamycin (Gibco BRL, Carlsbad, CA)͞200 M DTT͞10 M EDTA for 2-7 days before experiments. In prior fluorescence recordings, oocytes were incubated 30-40 min at room temperature in a labeling solutions (120 mM K-methanesulfonate (MES) or NaMES͞2 mM CaCl 2 ͞10 mM Hepes) containing 10 M SHreactive fluorescent dye, TMRM, or PyMPO (InvitrogenMolecular Probes, Eugene, OR).
COVG Fluorometry. Fluorescence, ionic, and gating currents were recorded in voltage clamp condition by using the COVG (42) implemented for epifluorescence measurement (ref. 12; see Supporting Text, which is published as supporting information on the PNAS web site). COVG recording (ionic current). MES was the only anion in the external recording solutions. External solution was 60 mM NaMES, 10 or 50 mM K-MES, 2 mM Ca(MES) 2 , and 10 mM Na-Hepes. Internal solution is 110 mM K-glutamate and 10 mM K-Hepes. Micropipette solution is 2.7 mM NaMES and 10 mM NaCl. Ionic current was blocked by replacing the extracellular solution with 120 mM tetraethylammonium MES͞2 mM Ca(MES) 2 ͞10 mM Hepes. For all solutions, pH ϭ 7.0. All recordings were performed at 22-24°C. Holding potential ϭ -90 mV. where G max , F max , and Q max are the maximum G, F, and Q; F min and Q min are the minima F and Q; z is the effective valence of the distribution, V half is the half-activating potential, V m is the membrane potential, and F, R, and T are the usual thermodynamic constants.
